Background and aims
===================

Selective serotonin reuptake inhibitors (SSRIs) are one of the most prescribed classes of psychotropics \[[@b1-cm-88-381]\]. Fluoxetine (FLX), one of the most prescribed SSRIs, was quantified in the aquatic systems via sewage-treatment effluents \[[@b2-cm-88-381]\]. Concerns were raised after a number of studies demonstrated that FLX can have hormonal effects. Studies that evaluated FLX in aquatic systems showed that it can affect the fecundity, circulating hormone levels and reproductive success of fish \[[@b2-cm-88-381],[@b3-cm-88-381],[@b4-cm-88-381],[@b5-cm-88-381]\]. In addition, rodent studies confirmed that FLX exposure could lead to adverse endocrine and reproductive effects \[[@b3-cm-88-381],[@b6-cm-88-381]\]. Erdemir et al showed that paroxetine (PRX) could affect spermatogenesis, PRX and FLX decreased the follicle-stimulating hormone (FSH) levels, while sertraline (SRT) lowered the levels of testosterone \[[@b7-cm-88-381]\]. FLX, SRT, PRX were found to negatively affect sperm parameters \[[@b8-cm-88-381],[@b9-cm-88-381]\].

SSRI therapy during pregnancy was linked to miscarriages, fetal defects and preterm births, but the results were mixed and inconclusive \[[@b10-cm-88-381],[@b11-cm-88-381]\]. Croen et al presented a possible link between the fetal exposure to SSRIs, especially during the first trimester, and a modestly increased risk of developing autism spectrum disorders \[[@b12-cm-88-381]\]. Withdrawal symptoms in the newborn were observed if the exposure to SSRIs was during the third semester \[[@b13-cm-88-381]\]. Long-term developmental effects of prenatal and neonatal exposure to SSRIs is still under investigation.

SSRIs have been shown to cause sexual dysfunctions in patients, with an incidence of over 70% \[[@b14-cm-88-381]\]. The affective dimensions of romantic love and attachment could also be influenced by AD \[[@b15-cm-88-381]\].

Due to their interfering with normal sexual function, SSRIs may be used as anti-libidinal medication in sex offenders \[[@b16-cm-88-381]\].

All these demonstrated effects may suggest an endocrine disruptive effect of SSRIs on the hypothalamic--pituitary--gonadal axis (HPT), on sexual steroid metabolism or on estrogenic or androgenic receptors, as SSRI use can be associated with low free testosterone serum levels \[[@b17-cm-88-381]\].

Even though the SSRIs consist of 6 molecules (citalopram, escitalopram, fluoxetine, fluvoxamine, paroxetine and sertraline), only FLX was intensively studied for endocrine disruptive effects, while the other SSRIs received less attention \[[@b1-cm-88-381]\].

This study was designed to evaluate the estrogenic/antiestrogenic effect of FLX, SRT and PRX using the T47D-KBluc breast cancer cell line. All compounds were tested individually and in mixtures with 17beta-estradiol (E~2~) to detect potential additive, synergistic or antagonistic effects. FLX was chosen in this study in order to compare, if the case, its' potency with the other two molecules from SSRIs class.

Materials ans methods
=====================

Chemicals and reagents
----------------------

Fluoxetine, sertraline and paroxetine were purchased from LGC Standards (Germany), 17-beta estradiol, resazurin, tricine, EDTA, dithiothreitol (DTT), and ATP were purchased from Sigma Aldrich (Steinheim, Germany). (MgCO3)4Mg(OH)2.5H2O was obtained from Acros Organics (Geel, Belgium), 1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid (CDTA) and Tris were from Fluka (Buchs, Switzerland) and luciferin was from Roth (Karlsruhe, Germany). All solvents and reagents were of analytical grade. RPMI 1640+GlutaMax medium, trypsin, Dulbecco's Phosphate Buffered Saline (PBS) and charcoal stripped FBS were purchased from Gibco (Paisley, UK). Fetal Bovine Serum (FBS) and Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-12 Ham were obtained from Sigma (Steinheim, Germany).

Cell line
---------

T47D-KBluc human breast cancer cells (estrogen receptor positive) were obtained from American Type Culture Collection (ATCC, USA). The cells were grown in RPMI 1960+ GlutaMax medium supplemented with 10% fetal bovine serum at 37°C with 5% CO~2~ under saturating humidity and passaged every 2 to 3 days. Dulbecco's Phosphate Buffered Saline was used to rinse the cells and trypsin was used to detach cells from plastics. During the experiments, the cells were cultured in phenol red-free Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-12 Ham, containing 10% charcoal stripped FBS.

Preparation of stock solutions
------------------------------

All compounds were prepared as 1000μL stock solutions in dimethyl sulfoxide solutions (DMSO, ≥99.5%, Riedel-de Haën, Seelze, Germany) at a concentration of 30 mM. Solutions of 0.005, 0.015, 0.05, 0.15, 0.5, 1.5, 5, 7.5, 10 and 15 mM for all three chemicals were obtained from stock solutions that were subsequently diluted with DMSO. These serial dilutions were then used to obtain the desired test concentration range for individual compounds.

Viability assay
---------------

For viability assay, cells were left to attach for 24 h, rinsed with 200μL phosphate buffered saline (PBS) and then exposed to individual test compounds at increasing concentrations and mixtures compound-estradiol (30 pM E~2~) for 24 h. Cell viability was evaluated by measuring the capacity of the cells to reduce resazurin (final concentration 100 μM), a non-fluorescent reagent, to resorufin, a fluorescent product. The fluorescence was measured at λ~excitation~=530/25; λ~emission~=590/35, using a plate-reader (Synergy 2 Multi-Mode Microplate Reader, BioTek).

Luciferase assay
----------------

For luciferase induction, cells were seeded in 96 wells/plates and incubated for 24 h at 37°C. After this period, the medium was removed, the cells were rinsed with PBS then 100 uL medium was added together with another 100 uL medium that contained the tested compounds at increasing concentrations and mixtures compound-E~2~. E~2~ at a concentration of 30 pM served as a positive control and was used in combination with test chemicals to screen for anti-estrogenic effect. Each chemical was tested in three independent experiments in the presence or absence of E~2~. The assay medium contained DMSO at a concentration of 0.2%. After exposure to test chemicals, the cells were lyzed using a low salt buffer containing 10 mM Tris, 1.99 mM DTT and 2 mM CDTA. Following a 15-minute incubation at −20°C, the plates were frozen at −80°C for a minimum of 30 minutes. Plates were thawed on ice and shaken for 30 mins at room temperature. Luciferase activity was measured using a luminometer (Synergy 2 Multi-Mode Microplate Reader, BioTek) with automatic injection of 100μL luciferin FlashMix \[0.47 mM luciferin, 20 mM tricine, 1.07 mM (MgCO3)4Mg(OH)2.5H2O, 0.1 mM EDTA, 2 mM DTT and 5 mM ATP, pH 7.8\] in each well. Light emission was extinguished with 50 μL NaOH 0.2 M to stop the reaction.

Data analysis and statistics
----------------------------

The results were expressed as mean ± standard deviation (S.D.). For each experiment, relative light units (RLUs) in every well were corrected by substracting the mean response of control wells. To compare data, the mean induction of luciferase, obtained at 30 pM E~2~, was set at 100%. Data were expressed as percentages of the signal observed at 30 pM E~2~. Statistical Analysis Origin software (OriginLab, Northampton, USA) was used for graphical analyses. Data were analyzed by one-way analysis of variance (ANOVA). Differences in p values of \<0.05 were considered statistically significant. To test for agonist properties, the signal from the cells treated with compounds was compared to the signal of the cells exposed to medium and DMSO (negative control). For estrogen antagonist properties, the comparison was made with the cells exposed to E~2~.

Results
=======

Viability assay
---------------

To assess cell viability for the estrogenic assay, the T47D-KBluc cell line was exposed to FLX, SRT and PRX in increasing concentrations (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 15, 20 μM) for 24 hours. PRX was the most toxic compound, with 3μM as the highest concentration that did not have a significant decrease in the cell response to resazurin when compared to control. For SRT, concentrations lower than 15 μM did not decrease cell viability in a significant manner, while for FLX it was possible to test for estrogenic activity concentrations up to 15 μM.

For the antiestrogenic assay, cytotoxicity was assessed by incubating the cells for 24 hours to binary mixtures of the studied compounds (increasing concentrations) and 30 pM E~2~. The concentration for estradiol was chosen as the minimal concentration where the maximum signal was obtained. The range of tested compound concentrations in the binary mixtures were as follows: FLX 0.01--15 μM, SRT 0.01--10 μM and PRX 0.01--3 μM.

(Anti)estrogenic assay
----------------------

Fluoxetine and sertraline presented weak estrogenic effects. The maximal induction for FLX represented 7% from the activity of E~2~ and it was observed at 1μM, while for SRT the maximal induction represented 8% from estradiol's activity and was observed at a lower concentration (at 0.1 μM) than in case of FLX. None of the tested concentrations of PRX was able to induce a significant luciferase expression, when compared to control.

When tested in the presence of E~2~, FLX and SRT presented an antiestrogenic effect by decreasing in a significant manner the estradiol induced signal at 15 and 10μM for FLX+E~2,~ and at 10 μM in case of SRT+E~2~ exposure ([Figure 1a, b](#f1-cm-88-381){ref-type="fig"}), but the decrease did not allow us to calculate the IC~50~. Since at individual testing, in case of SRT at 0.01 μM and of PRX at 0.01 and 0.03 μM, no estrogenic effect was observed, the increase in the cellular response obtained during the mixture assay (compound+E~2~), at 0.01 μM SRT (112%) ([Figure 1b](#f1-cm-88-381){ref-type="fig"}) and at 0.03 and 0.01 μM PRX (112% and 114%) ([Figure 1c](#f1-cm-88-381){ref-type="fig"}) indicate a potential synergistic effect between SSRIs and E~2~.

Discussion
==========

The use of antidepressants (AD) has increased considerably in the last decade, SSRIs being the most widely used class of AD \[[@b18-cm-88-381]\]. Fluvoxamine was the first SSRI introduced in England in 1983, followed by FLX in 1989 \[[@b19-cm-88-381]\], SRT in 1991 \[[@b20-cm-88-381]\] and PRX in 1992 \[[@b21-cm-88-381]\] in the United States. The blood concentrations of SSRIs are highly variable between individuals, but they are in the nanomolar to low micromolar range \[[@b22-cm-88-381]\].

Even though the medical practice does not encourage the use of drugs during pregnancy or breastfeeding, the SSRIs representatives are among the drugs accepted, only after a risk-benefit analysis. SSRIs can pass through the placental barrier and maternal milk affecting the development of the fetus and the neonate, therefore it is of great importance the evaluation of the endocrine disruptive effect of the SSRIs representatives \[[@b23-cm-88-381],[@b24-cm-88-381],[@b25-cm-88-381]\]. The results of the existing studies are mixed and inconclusive \[[@b11-cm-88-381]\].

FLX is the most studied molecule from the SSRI group \[[@b26-cm-88-381]\]. Studies were performed both *in vitro* and *in vivo* (in different types of fish, rodents). Studies on fish show that FLX can reduce the expression of estrogen receptors (ER) in the hypothalamus. Also, FLX can interfere with the neuroendocrine regulation of steroidogenesis and gametogenesis \[[@b2-cm-88-381]\].

Rodent studied demonstrated that FLX can affect sexual brain differentiation, sexual behavior, testicular development and sperm production in rat offspring exposed *in utero* and/or through lactation \[[@b27-cm-88-381],[@b28-cm-88-381],[@b29-cm-88-381],[@b30-cm-88-381]\]. Mueller et al showed that FLX can act as an estrogen receptor agonist both *in vitro* and *in vivo* \[[@b3-cm-88-381]\].

Our results support the data from Muller et al., as FLX presented estrogenic activity, but at a lower concentration than that reported on MCF-7-ERE (1 μM vs 17 μM) \[[@b3-cm-88-381]\]. Also, the relative response was smaller (20% vs 7%). In our case, due to cytotoxicity, the maximum concentration tested for FLX was 15 μM \[[@b3-cm-88-381]\]. Unlike for Muller et al, the cells exposed to FLX and E~2~ revealed an antiestrogenic activity at 15 and 10 μM. No increase in the cellular response was observed when compared to the E~2~ signal. Therefore, FLX presented itself as a compound with dual properties: at lower concentrations it acts as a weak estrogen, while at higher concentrations, that could have biological relevance \[[@b31-cm-88-381]\], it acts as a weak antiestrogen.

Besides FLX, an estrogenic effect was also detectable in case of exposure to SRT, but at a concentration 10 times lower than the estrogenic concentration for FLX. These *in vitro* results revealed that FLX and SRT present estrogenic activity without any metabolic activation. In this case, our results do not support the *in vivo* results of Montagnini et al where SRT was found not to have any estrogenic properties \[[@b1-cm-88-381]\]. This finding could be explained by: a different mechanism, other than the interaction of SRT with the estrogenic receptor, when using our *in vitro* system, or the differences in bioavailability of SRT *in vivo* vs *in vitro*, or by the possibility that, *in vivo*, SRT could activate more than just one pathway. Also, depending on the moment of exposure (age) and the duration of exposure, the body could, by its mechanisms of protection, compensate this endocrine disruptive effect.

In case of co-exposure to SRT+E~2~, at the highest concentration tested a decrease in the relative luminescence was noticed, SRT being able to antagonize a part of E~2~ activity. Interestingly, at the lowest concentration tested (0.01 μM) an increase in the estradiol-mediated transcriptional activity was observed, this increase being statistically significant when compared to the positive control. The concentration where this effect appeared was 10 times lower than the concentration where the estrogenic effect was observed. SRT presented thus multiple proprieties, weak estrogen, weak antiestrogen and also modulator of the estradiol-mediated transcription.

Since the estrogenic effect and also the synergistic effect of SRT+E~2~ were observed at submicromolar concentrations, this might suggest that this compound could interfere with estrogenic signaling at therapeutic plasma concentrations and this could be a reason for concern.

An increase in the E~2~-mediated transcriptional activity was demonstrated also in case of the cells exposed to PRX, 0.03 and 0.01 μM being the concentrations where this type of activity was observed. This was the only effect observed when testing PRX on T47D-KBluc.

To our knowledge, this is the first time when the selected SSRIs are analyzed in the same sets of experiments, using the same end-points in order to compare their potency.

The limitation of our study would be the lack of testing the compounds in the presence of ERs antagonists, or confirming the ER interaction by using binding affinity studies.

Conclusions
===========

Overall, our results indicate a possible interaction of SSRIs with the estrogen receptor. Taking into consideration that the estrogenic effects and the increase in the estradiol-induced activity appear at lower concentrations that can be therapeutically relevant, it would be of help to elucidate the specific mechanism(s) of action in case of exposure to SSRIs in order to estimate to which extent they can affect the endocrine-mediated activity.
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